A mathematical model was derived to calculate the IR reflection inside the annulus between two concentric cylindrical tubes, where the inner side of the outer cylinder is assumed to be coated with an IR reflected mirror. The mathematical model is implemented in a simulation code and experimentally validated. The experimental results of a system of two concentric cylindrical tubes operating with an IR reflected mirror on the inside of the outer cylinder are presented, and the results between the model and the simulation are compared. It is seen that the correspondence is encouragingly close (Chisquared test p-values between 0.995 and 0.80), where the simulation underestimates the experimental performance.
Introduction
The applications of two concentric cylindrical tubes system are mostly used for heat exchange applications, especially for parabolic trough receiver unit. The Parabolic Trough Collector (PTC) technology are amongst the most mature commercially developed solar power technologies [1] . They operate by focusing solar radiation along a line onto a receiver unit which exchanges heat with a circulating heat transfer fluid (HTF).
The heat gained by the HTF can be used either directly in thermal applications or for electricity production [2] .
The receiver traditionally consists of an inner pipe coated with a selective coating and covered by a glass envelope. The air between the inner pipe and the glass envelope is evacuated to reduce convective and conductive heat transfer, making radiation the dominant heat loss mechanism.
Numerous works have investigated the thermal properties and heat retention of the receiver unit from various perspectives. Some concentrate on improving the uniformity of the thermal distribution of the metal inner pipe to reduce thermal stress and deformation [3] [4] .
The IR reflection mechanism inside the annulus of the PTC receiver unit is investigated by coating the inside glass cover around the inner pipe with a dielectric material that is transparent to the visible region of the solar spectrum and reflects well in the IR region. A coating of this type is referred to as a "hot mirror", and was first implemented for energy-efficient windows in automobiles and buildings [5] and for applications related to concentrating photovoltaics and thermophotovoltaics [6] [7] . There are two general types of hot mirror films: a semiconducting oxide with a high doping level and a very thin metal film sandwiched between two dielectric layers (see [8] [9] [5] for more details). The thin metal film coating shows some unavoidable losses. Besides, the highly doped semiconducting oxide shows more advantages, i.e., Indium-Tin-Oxide (ITO). The hot mirror coating for a solar collector must meet some performance specifications. It needs to be highly transparent in the visible region and have high reflectivity in the IR region of the solar spectrum. Granqvist et al. [5] and Lampert et al. [8] focused on improving the transparency in the visible region and the reflectivity in the IR [8] .
The advantage of applying a hot mirror coating to the glass cover as opposed to a selective coating onto the inner pipe lies in the fact that the glass cover is typically hundreds of degrees cooler than the inner pipe.
The effects of the hot mirror film have been modeled and studied previously. Grena [9] simulated the system including heat reflection using hot mirror films with simplifying assumptions, and his results showed an increase in overall efficiency over a year by 4%. Other efforts of this type used a three-dimension model to take into account the radiation exchange by different segmented surfaces inside the receiver along the pipe's length. This study showed that the hot mirror receiver effectively reduced the IR losses at higher temperatures, reduced the thermal stress on the glass cover and is suggested to be used in a hybrid system [11] .
Another system that utilize the IR reflection mechanism inside the annulus of a two concentric cylindrical tubes is the blackbody cavity object. The blackbody is an ideal object, absorbs all incident radiation, regardless of direction and wavelength [12] . The object that most closely resembles a blackbody is a large cavity with a small opening. The radiation that is incident through the opening has very little chance to escape, it is either absorbed or undergoes multiple reflections before being absorbed [12] . Different types of IR reflected coatings in the inner side of the outer cylinder were studied in a cavity design in [13] [14] [15] , where the cavity design was a mirrored cavity receiver with a hot mirror application on the aperture. It showed that the effect of the multiple thermal reflection is able to achieve the highest thermal and optical efficiencies. A good comprehensive review on the topic of the cavity systems is provided by [16] .
In this paper, the mathematical model of the IR reflection inside an annulus between two concentric cylindrical tubes for maximum heat retention is discussed in section two. The reflections happened due to the existence of an IR reflected mirror coating in the inside of the outer cylinder. In the third and fourth sections, the numerical model and the simulation implementation of the heat exchange of the system are examined.
In the fifth section, the description of the experiment is presented. Last section is the results of the simulation based on the model that is used to compare experimental results with theoretical expectations. The experimental data is close to theoretical expectations, with results diverging from the simulation by at most 6% at around 700 K, and Chi-squared test p-values around 0.99, with the worst at 0.80. The simulations underestimate the performance, indicating that better performance was measured experimentally.
Mathematical model

Discretization of the two concentric cylinders
The system of two concentric cylinders is discretized into finite control volumes (CV) to be able to evaluate their thermal interactions. The circumference of the outer cylinder with IR mirror (IRM) and the inner pipe are segmented into Nl CVs along the circumference (azimuthal direction), with l given by 
IR Reflection model
The reflected radiation term
An essential aspect of this work is to account for reflected radiation. The reflected radiation is essential when the radiation is reflected onto the Inner Pipe (IP) from the outer pipe that is coated with IR Mirror (IRM) for partial reabsorption. The reflections that we consider are: the first reflection, which is denoted by �̇, � (represents the reflection from IP to IRM to IP), secondary reflection, which is denoted by �̇, � (IP to IRM to IP to IRM to IP), and the secondary reflection on the inner cavity surface, which is denoted by
� (IP to IRM to IP to IRM). The effect of the secondary reflection on IP and IRM depends on the reflection coefficients of both the outer pipe ( , ), and the IP ( , ). We assumed that the optical properties of IRM are approximately constant within the temperature range of interest, and their average values are used. If more detailed results for different temperatures are needed, the parameters can be changed or made temperature dependent on the simulation. We further assumed that the radiation is emitted from the center of the surface of each control volume (IP and IRM). Furthermore, the IP control volumes are diffuse and gray, properties are characterized in terms of visible and IR radiations of the electromagnetic spectrum.
The first reflected radiation term Q IR,1 ref
The first reflection occurs on the IRM, which is a specularly reflected surface. In Figure 2 , control volume on the inner pipe emits IR radiation that is received by another control volume on the inner pipe via reflection on the control volume. The amount of radiation received by control volume depends on the view factor towards the control volume. It requires the magnitude of the emitted radiation by , reflected radiation by and the absorbed radiation by . Determining the amount of radiation received by on the inner pipe from , as shown in Figure 2 , helps to sum the IR contributions from all the inner pipe control volumes that are in radiative contact with via the first reflection. The first reflection can be determined by the help of the simplified scheme in Figure 2 . emits radiation diffusely towards the IRM control volumes, a fraction of this radiation strikes control volume with an amount of radiation equal ̇, , , where ̇, is the emitted radiation from and , is the view factor from to . This radiation is going to be received by via specular reflection taking place by with an amount of radiation equal ̇, , , where is the reflection coefficient of the IRM. As discussed in section 2.1, the system of two concentric cylinders is discretized into control volumes, as shown in Figure 1 . The arc length of the inner pipe and IRM control volume have the same central angle "Ɵ".
In previous discretization, the control volume "ab" and "cd" were used ( Figure 3 ). Radiation emitted from the center of inner pipe control volume "cd" in a cone is shown in Figure 3 . We redefine the outer cover (IRM) control volume such that it lies between normal 1 and normal 2 in order for all radiation from cd to be reflected IRM IP back onto itself. Geometric optics shows that the arc length between "a" and normal 2 (as well as normal 1 and "b") is exactly half the arc length between normal 1 and normal 2. Therefore, we must increase the number of IRM control volumes to be twice that of the inner pipe control volumes in order to capture all the reflected radiation. Figure 3 : Discretize the IRMM into normal CVs (the index in the axial direction is "l", see Figure 1 ).
Summation of all first reflection contributions to Ail
The contributions from all inner pipe control volumes that are in radiative contact with via reflection will contribute towards the total received IR radiation by . These contributions were summed. Along the circumference, the farthest IRM control volume that can be viewed by constitutes the extreme reflection from the farthest inner pipe control volume which is depicted and calculated in Appendix I. In Figure 4 , the red solid and dash colors represent the emitted radiation from , towards , and the reflected radiations from , to , , respectively. The green solid and dash colors represent the emitted radiation from +1, towards +1, and the reflected radiations from +1, to , , respectively. The black solid and dash colors represent the emitted radiation from −1, towards −1, and the reflected radiations from −1, to , , respectively. The subscripts i and m stand for the index number in the azimuthal direction and l stands for the index in the longitudinal direction. By extending the situation of the first reflection of an emitted radiation via one IRM CV and received by (previously mentioned, see Figure   2 ) to the neighboring elements, see Figure 4 , the sum of all contributions on by first reflection can be expressed as
Eq. (1) are the sum of the reflection contributions originating from the right and the left of , where and are the maximum numbers of inner pipe control volumes that are in radiative contact with on their respective sides. and are calculated and discussed in Appendix I.
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The effect of the first reflection on the IR mirror control volumes
The outer cover with IR mirror (IRM) control volumes partially absorbs the emitted radiation from the inner pipe due to the absorption coefficient of the IRM material. Although the absorption coefficient is very small compared to that of the inner pipe, this contribution was accounted for. In Figure 5 and Figure 6 , the two possibilities of light cones originating from different inner pipe control volumes falling onto one IRM control volume are depicted. The absorbed part of the reflected radiation by IRM is represented as follows:
For the case of the IRM control volume in Figure 5 �̇
.
(
For the case of the IRM control volume in Figure 6 Emitted
The second reflected radiation term Q̇IR, 2ref
The second reflection is the reflection from the inner pipe (IP) to IRM to IP to IRM to IP. It strongly depends on the values of and for the IRM and the inner pipe reflectivity coefficients, respectively. The scenario of the second reflected radiation continues from the first reflection. When an inner pipe control volume receives the reflected radiation, the inner pipe control volume will diffusely reflect the unabsorbed part of this radiation to every direction of its view. These diffusely reflected radiations will again specular reflected by the IRM control volumes towards inner pipe control volumes.
The effect of the second reflection on the IR mirror control volumes
In the same way, as discussed in section 2.2.4, the IRM control volumes partially absorb the diffusely reflected radiations from inner pipe control volumes, but this effect is less than the effect of the first IR reflection on the IRM control volumes. The amount of radiation that has been absorbed by the IRM control volumes due to the second IR reflection is expressed as follows:
For the case of the IRM control volume in Figure 6 �̇
Numerical model
A model was constructed that describes the different heat transfer interactions inside the system, allowing for including IR reflections inside the annulus between two cylinders. In this section, this model is briefly described. More detail can be found in [11] [17] . The physical basis for our model uses energy conservation for the thermal interactions in the system as shown in Figure 7 .
The source of the thermal energy used during the experiment was an electrical resistance heater wire with a rate of heat generation which was controlled by a variac. These heating elements are placed inside the inner pipe to bring its surface temperature to desired values. The experiment description is discussed in section 5.
The thermal interactions of the system are displayed in a quarter of the cross-sectional view in Figure 7 .
Under steady operating conditions, the inner pipe/cylinder and the outer pipe (IRM) reach different stagnation temperatures. Moreover, the heat loss and the heat gain of each element in the system must equal the total rate of heat generation of the heating elements ̇ (Eq. (7) ̇, = ̇, =̇, =̇, =̇,
where ̇, is the rate of the heat transfer from the IRM cover to the surroundings, ̇, is the conduction through the IRM layer, ̇, is the heat transfer from IP to IRM. 
Simulation implementation
Eq. (7) is a set of nonlinear equations which can be linearized via Taylor expansion [18] . The linearized
where , , and are the temperature, the discretization coefficient, and the discretization source term of the control volume of interest, respectively. The remaining terms with index + 1 and − 1 describe neighboring control volumes. More detail can be found in [11] [17].
The algorithm schematic is shown in Figure 8 , and is summarized as follows: It starts by guessing the temperature of the outer pipe control volumes (IRM) with a specified initial temperature . It is an iterative solution until the heat loss of the outer pipe to the ambient is equal to the heat power generation of the heating elements. By knowing the outer pipe temperature, the inner temperature of the outer pipe control volumes This process repeats itself for the entire length of the receiver. 
Experiment descriptions
An experimental setup of two concentric cylindrical tubes was constructed in order to validate the theory and simulation described in the previous section. The unit was constructed as it would be used by heating elements situated inside the inner tube. Two heating elements (1.5 kW tubular element, outer diameter 0.008 m and length 1.172 m, see Figure 9 )
inside the inner pipe of the unit brought the inner pipe surface temperature to the desired value. The heating element power was adjusted using a variac (Single phase variable transformer, input: 220 VAC 50 Hz output: 0-5 kVAC and 20 A, see Figure 9 ) and was determined by logging the current and voltage output, with an error of ± 7 W. The heating elements were both 1.2 m in length, with 0.008 m (± 10 -4 m) outer diameter, cold resistance of 16 Ohm (± 0.1 Ohm), and joined electrically inside the inner pipe. In order to prevent the heating element from touching the inner pipe, spacers were introduced to center the heating elements. The inner pipe itself was filled with sand to distribute the heat evenly to the inner pipe surface.
Five thermocouples (K-type thermocouples with a glass fiber twisted insulation, Nickel-Chromium alloy temperature range -200 °C to 1350 °C) were mounted, two on the inner pipe and three on the glass cover, to determine the average temperatures (± 1 °C) and heating behavior of the unit along its' length, see Figure 10 .
From the temperature information, the heat loss to the environment could be determined.
As indicated in Figure 10 , the thermocouples wires were connected to the logging unit (see Figure 9 ), which allowed regulation and adjustment of the heater power in accordance with temperature requirements.
The experimental procedure was initiated by evacuating the air between the inner pipe and the glass cover, down to a pressure of < 0.1 mbar (measured with a KJL 275i series vacuum gauge), which is sufficient to greatly reduce convective heat transfer in that region [19] . The ambient temperature was noted. Next, a power setting on the variac was chosen, initially around 50 W. A more accurate estimate for the electrical power to the heating elements was determined subsequently using the voltage measurements with a Brymen TBM815 voltmeter (errors on V (AC) = 0.5% & Resistance = 0.1%) from the variac and the temperature-dependent resistance of the heating elements. The temperature measured by the thermocouples was noted using a dedicated microcontroller (Arduino Mega with thermocouple shield (MAX6675)) and displayed on a logging computer. The system was allowed to reach a thermal equilibrium, indicated by a stable reading of inner pipe temperature. The time to reach equilibrium could vary up to about three hours between measurements. Once equilibrium was reached, the temperatures were noted, and the variac setting was increased to the next higher At equilibrium, the electrical power required to maintain the inner pipe temperature equalled the heat loss of the unit through the glass cover. The temperatures along the unit elements were approximately similar to within a few degrees. Heat losses were reported as Power density (Watts per meter) of the receiver unit.
Results
Two experiments were performed as outlined above. The first used the above system and contained no coating on either the glass cover or the inner pipe, and is designated the name "Bare". This system was investigated because it is the simplest scenario, so any applied coating should perform better in order to be considered. It provided an additional check on our simulation and allowed us to make fine adjustments to the experimental procedure.
The second experiment used an "IRM" coating on the glass cover. A thin, aluminum-based metal sheet with an IR reflectivity of approximately 0.92 was used (obtained from the MIRO SUN Alanod Solar Company datasheet). The sheet is not transparent. The main point of the experiment was to validate the theory and the simulation, with particular emphasis on the IR reflection component, and this must hold for any values.
The "bare" unit
The results of the "bare" pipe experiment are displayed in Figure 11 A Chi-squared goodness of fit gives p-values of >0.99 for the glass cover and >0.995 for the inner pipe.
The unit with "IRM" coating
The results of the second experiment and the simulation are displayed in Figure 12 . The axes display the same units as for the "bare" case. It is seen that the experimental (EXP) and simulated (SIM) results for the glass cover with IRM diverge at most by 3%, while those of the inner pipe by at most 6% at around 500 °C, where the simulation underestimates the temperature. was obtained, and the point at 44 °C was considered an outlier so only 10 degrees of freedom were included.
The main contribution for the divergence comes from high temperature points, but the simulation underestimates experimental performance. This divergence is likely due to temperature-dependent simulation parameters and can be addressed in a more accurate model.
The effect of the IRM coating can be seen in Figure 13 , where the experimental data from the bare inner pipe and the IRM coated outer pipe are displayed. The inner pipe in the IRM case is significantly hotter, indicating better thermal retention, and would, therefore, have a better capability of heating the outer surface of the inner pipe to high temperatures. The outer pipe temperature in both cases is similar, as expected.
Conclusions
The experimental results from the bare and the application of the IR mirror on the inner side of the outer cover of the system of two concentric cylindrical tubes indicated that the IR reflections inside the system were capable of higher heat retention. Further, the Chi-squared comparison between the experimental and simulated values, which yielded p-values of 0.99 for the glass cover and 0.995 for the inner pipe on the bare pipe, and 0.995 for the glass cover and 0.80 for the inner pipe on the IR mirror application, indicated that the IR reflection model is reasonably accurate to describe an IR reflection inside the annulus of two concentric cylindrical tubes. The simulation underestimated the performance of the IR mirror at higher temperatures. It is likely due to According to Eq. I.1 and by applying it to the situation in Figure I.2 , the view factor from the IRM control volume to IP control volume can be written as
where , is the outer radius of the IP and the rest of symbols are shown in Figure I are the surface area of the inner control volume and the IRM cover control volume.
Also, the methods mentioned above will provide us with the number of the IRM control volumes that are going to be in thermal contact with IP control volume and vice versa. There is also another method to confirm these number of the IRM control volumes or IP control volumes that are in thermal contact with each other. It will be discussed in the following sections. In this derivation, we need to evaluate the maximum number of control volume on the IRM cover that is going to be hit by one irradiated IP control volume, as shown in Figure I where , is the inner radius of the IRM cover, and the other symbols are shown in Fig. I.5 . The summation in Eq. (I.11) continues until the makes an angle 0°with respect to X-axis. This method will help us to get the number of IRM control volumes that are going to be in thermal contact with one IRM control volume.
The number of the IRM segments that are in thermal contact with the inner pipe segment
There is also, another way to confirm these number of the IRM control volumes, which is discussed in the following section. 
